The transcription regulatory sequences (TRSs) of the coronavirus transmissible gastroenteritis virus (TGEV) have been characterized by using a helper virus-dependent expression system based on coronavirusderived minigenomes to study the synthesis of subgenomic mRNAs. The TRSs are located at the 5 end of TGEV genes and include a highly conserved core sequence (CS), 5-CUAAAC-3, that is essential for mediating a 100-to 1,000-fold increase in mRNA synthesis when it is located in the appropriate context. The relevant sequences contributing to TRS activity have been studied by extending the CS 5 upstream and 3 downstream. Sequences from virus genes flanking the CS influenced transcription levels from moderate (10-to 20-fold variation) to complete mRNA synthesis silencing, as shown for a canonical CS at nucleotide (nt) 120 from the initiation codon of the S gene that did not lead to the production of the corresponding mRNA. An optimized TRS has been designed comprising 88 nt from the N gene TRS, the CS, and 3 nt 3 to the M gene CS. Further extension of the 5-flanking nucleotides (i.e., by 176 nt) decreased subgenomic RNA levels. The expression of a reporter gene (␤-glucuronidase) by using the selected TRS led to the production of 2 to 8 g of protein per 10 6 cells. The presence of an appropriate Kozak context led to a higher level of protein expression. Virus protein levels were shown to be dependent on transcription and translation regulation.
Transmissible gastroenteritis virus (TGEV) is a member of the family Coronaviridae, which, together with the family Arteriviridae, forms the order Nidovirales (6) . The coronavirus RNA genome has a length ranging from 27.6 to 31.5 kb. About two-thirds of the entire RNA comprises open reading frames (ORFs) 1a and 1ab, encoding the replicase gene. The 3Ј onethird of the genome comprises the genes encoding the structural and nonstructural proteins. The organization of the non-ORF 1 nonstructural protein genes, which are interspersed between the known structural protein genes, varies significantly among different coronavirus strains (5) .
Coronavirus transcription is based on RNA-dependent RNA synthesis. Coronavirus mRNAs consist of six to eight types of various sizes, depending on the coronavirus strain. The largest mRNA is the genomic RNA, which also serves as the mRNA for ORFs 1a and 1ab; the others are subgenomic mRNAs (sgmRNAs), composed of noncontiguous sequences of the parental genome. The mRNAs and the genomic RNA form a nested set of RNAs of different lengths with common 5Ј and 3Ј ends. Except for the smallest mRNA, all of the mRNAs are structurally polycistronic; in general, however, only the 5Ј-most ORF (not present in the next smallest mRNA) is translated. However, there are exceptions: some mRNAs, e.g., mRNA 5 of mouse hepatitis virus (MHV), mRNA 3 of infectious bronchitis virus, and the bovine coronavirus (BCoV) nucleocapsid mRNA, are translated by internal initiation into two or three proteins (21, 25) . All the mRNAs possess a 5Ј sequence of 70 to 90 nucleotides (nt) that is identical to the leader sequence located at the 5Ј end of the viral genome. These special features imply a discontinuous transcription mechanism that is under debate (23, 41) .
Sequences at the 5Ј end of each gene represent signals for the discontinuous transcription of sgmRNAs (23, 41) . These are the transcription regulatory sequences (TRSs), which include a stretch of a highly conserved core sequence (CS), 5Ј-CUAAAC-3Ј, for TGEV or a highly related sequence for other coronaviruses. This sequence was previously named the intergenic sequence. Nevertheless, since many coronavirus and arterivirus genes frequently overlap and an intergenic space does not always exist, the acronym CS is used here.
Two major models have been proposed to explain the transcription strategy for coronaviruses and arteriviruses (23, 41) . The discovery of transcriptionally active, subgenome-size minus strands that contain the antileader sequence and of transcription intermediates active in the synthesis of mRNAs favors the model of discontinuous transcription during the synthesis of the minus strand (39, 40, 42, 44) . According to this model, the TRS acts as a "slow-down" or "stop" signal for the replication complex; the discontinuous mRNA synthesis is governed, at least in part, by a direct base-pairing interaction between the nascent-body (Ϫ) TRS and the 3Ј end of the leader exposed at the 5Ј end of the viral genome (39, 50) .
The abundance of the mRNA may be primarily controlled by the extent of the base pairing between the 3Ј end of the leader and the TRSs. A second factor, proximity to the 3Ј end of the genome, could influence mRNA abundance. Since the TRSs act as slow-down or stop signals for the replicase complex, the smaller mRNAs should be the most abundant. Although this has been shown to be the case for the Mononegavirales (11, 51) and, in coronaviruses, shorter mRNAs are in general more abundant, the relative abundance of coronavirus mRNAs is not strictly related to their proximity to the 3Ј end (33, 49) . A third factor, the interaction of RNA with viral and cellular proteins, has also been implicated in mRNA transcription (23) . The three factors implicated in the control of mRNA abundance assume a key role for the TRSs and the need to define their composition and structure. The initiation of mRNA transcription originating from sequences that do not conform to the canonical conserved motif has been reported for MHV, BCoV, and arteriviruses (references 18, 22, 23, and 31 and references therein). Also, transcription originating at genomic sites not possessing a canonical CS has been identified for recombinant MHV expressing the foreign green fluorescent protein gene (8) . These data reinforce the need for studies to clarify the role of TRSs in the control of transcription.
The role of a TRS has been defined for MHV, infectious bronchitis virus, and BCoV (9, 21, 24, 31, 46, 50) . We are interested in studying the extent of the TRSs regulating the expression of the TGEV mRNAs, i.e., to define the role in transcription of the sequences flanking the 5Ј and 3Ј ends of a CS of 6 nt (5Ј-CUAAAC-3Ј). To this end, an expression system based on TGEV-derived minigenomes (12, 30) was used to study TRS length for optimum transcription efficiency. cDNA clones encoding minigenome RNAs (mgRNAs) and including an expression cassette in which the TRS could easily be replaced were constructed. Different combinations of TRSs were inserted preceding a reporter ␤-glucuronidase (GUS) gene, and the molar ratio of sgmRNA to mgRNA or the total amount of mRNA was determined. The effect of TRSs on the translation of the reporter GUS gene in relation to sgmRNA abundance and the influence of the expression cassette insertion site were also determined.
MATERIALS AND METHODS

Cells and viruses.
TGEV strain PUR46-MAD (38) was grown and titrated as previously described (16) . Viruses were grown in swine testis (ST) cells (29a) .
Construction of cDNAs encoding RNA minigenomes. The construction of DI-C-derived cDNAs encoding RNA minigenomes (e.g., M39) was previously described (12) . To increase mgRNA expression levels, the cDNAs were preceded by the cytomegalovirus (CMV) promoter (4, 34) . The minigenomes were flanked at the 3Ј end by the hepatitis delta virus (HDV) ribozyme and the bovine growth hormone (BGH) polyadenylation and termination sequences (34) .
To evaluate expression levels by using the minigenomes, the Escherichia coli K-12 GUS gene was used as a reporter gene (13, 43) . The GUS gene was amplified by PCR from plasmid pGUS1 (Plant Genetic Systems) by using a forward 40-mer oligonucleotide (5Ј-GCGGCCGCAGGCCTGTCGACGACCAT GGTCCGTCCTGTAG-3Ј) that included NotI, SgrAI, StuI, and SalI restriction endonuclease sites (bold nucleotides); the GUS initiation codon is underlined, and nucleotides shown in italics were included to fit the consensus motif of the ribosome scanning model (19, 20) . The reverse primer was 41 nt long (5Ј-GGT ACCGCGCGCCTGGGCTAGCGCGATCATAGGCGTCTCGC-3Ј) and included NheI, BssHII, and KpnI restriction sites (bold nucleotides). The GUS gene was cloned into minigenome M39 within the most 3Ј deletion introduced during the generation of the minigenome (12) . To this end, the GUS gene was cloned into intermediate plasmids flanked at the 5Ј end by polylinker L2 (GCGG CCGCGCCGGCGAGGCCTGTCGACGACC) or L3 (GTCGACGACC), including four (NotI, SgrAI, StuI, and SalI) or one (SalI) restriction endonuclease site, respectively (in bold), and an optimized Kozak sequence (in italics). The 3Ј end of the GUS gene was flanked by polylinker L4 (GCTAGCCCAGGCGCGCGG TACC), including three restriction endonuclease sites (NheI, BssHII, and KpnI) (in bold). The 5Ј upstream nucleotides flanking the CS (5Ј-CUAAAC-3Ј) of the M, N, and S genes of strain PUR46-MAD of TGEV, designated the 5Ј TRSs, were synthesized by PCR. Forward oligonucleotides contained the restriction sites BlnI, SwaI, and Bsu36I (in bold) integrated in polylinker L1 (CCTAGGATTTAA ATCCTAAGG), as shown in Table 1 . Two reverse oligonucleotides were used for PCR amplification; they included either the sequence defined for L2 or the L3 sequence ( Table 1 ). The 5Ј TRSs derived from the N and M genes were amplified from TGEV sequences comprising nt 26078 to 26941 and nt 24525 to 26254, respectively (GenBank accession number AJ271965) (33) . The 5Ј TRS derived from the S gene was amplified from the cDNA encoding minigenome DI-C (pDI-C) (12) . The resulting minigenomes were designated mg-N-44, mg-S-69, mg-N-88, mg-M-91, and mg-N-176, followed by L2 or L3, depending on the polylinker introduced 3Ј downstream of the CS ( Table 1) .
The effect on transcription of different lengths of 5Ј TRSs from the viral N gene was also analyzed. The plasmid coding for minigenome mg-N-88-L2 (pmg-N-88-L2) was used as a template for PCR amplification of the 5Ј TRSs from the N gene containing 3 and 8 nt, leading to minigenomes mg-N-3-L3 and mg-N-8-L3, respectively ( Table 1 ). The modular approach used in this study facilitated the exchange of TRSs and genes.
Minigenome mg-CS, containing the GUS gene downstream of the CS but no 5Ј TRS, was generated by introducing a 91-nt deletion between two Bsu36I restriction sites in minigenome mg-M-91-L3. One Bsu36I restriction site was present in minigenome mg-M-91-L3. The second Bsu36I restriction site, flanking the CS at the 5Ј end, was inserted by PCR mutagenesis with TGEV sequences comprising nt 24525 to 26254, the forward oligonucleotide M vs, and the reverse oligonucleotide CS-M Bsu36I L3 rs ( Table 1 ). Digestion with Bsu36I and subsequent religation generated minigenome mg-CS. Minigenome mg-CS Ϫ , in which the CS was deleted, was obtained from minigenome mg-CS after digestion with SwaI and StuI and subsequent religation.
To analyze the effect on transcription of sequences flanking the 3Ј end of the CS, a collection of minigenomes was generated ( Table 2 ). All these minigenomes contained 88 nt of the 5Ј TRS preceding the CS of the N gene. The 3Ј TRSs derived from viral genes S, 3a, 3b, E, M, N, and 7 were introduced by using Table  2 ). The minigenome mg-N-88-L3 (Table 1) is referred to as mg-L3 ( Table 2 ). The plasmid (pmg-N-88-L3) encoding minigenome mg-L3 was used as a template for the synthesis of all these minigenomes, except for mg-L2. Minigenome mg-3bЈ contained the CS and 3Ј TRS consisting of 24 nt extending from the noncanonical sequence located at position 25344 of the viral genome to the potential initiation codon (AUG) of ORF 3b. Minigenome mg-Ld contained as the 3Ј TRS a 12-nt sequence complementary to the 3Ј end of the leader sequence present at the 5Ј end of the viral genome (Table 2) .
To evaluate the effect of position on transcription, an expression cassette consisting of 88 nt of the 5Ј TRS from the N gene, the CS, the L3 sequence, and the GUS gene was inserted at four different locations along minigenome M39 by using unique endonuclease restriction sites (EcoRV, BglII, BstZ17I, and MluI), leading to minigenomes mg-947, mg-1655, mg-2881, and mg-3337, named according to the nucleotide position of the insertion site. To ensure that the expected plasmids were generated, the constructs were sequenced at the cloning junctions by using an Applied Biosystems 373 DNA sequencer.
Rescue of RNA polymerase II-driven transcripts. ST cells grown to 50% confluence in 35-mm dishes were transfected with 10 g of plasmid DNA encoding CMV-driven minigenomes and 15 l of Lipofectin reagent in Optimem medium (Gibco-BRL) according to the manufacturer's instructions. The transfected cells were infected with TGEV strain PUR46-MAD (multiplicity of infection, 5) at 4 h posttransfection. Supernatants obtained from these cultures at 22 to 24 h postinfection (h.p.i.) were used to infect fresh ST cell monolayers. Various numbers of passages were performed to amplify the helper virus RNAs and mgRNAs.
RNA analysis by Northern blotting. Total intracellular RNA was extracted at 16 h.p.i. from DNA-transfected and helper virus-infected ST cells at different passages by using an Ultraspec RNA isolation system (Biotecx) according to the manufacturer's instructions. RNAs were separated in denaturing 1% agarose-2.2 M formaldehyde gels. Following electrophoresis, RNAs were irradiated for 0.2 min by using a UVP cross-linker (CL-1000) and were blotted onto nylon membranes (Duralon-UV; Stratagene) by using a Vacugene pump (Pharmacia). The nylon membranes were irradiated with two pulses (70 mJ/cm 2 ) and then soaked in hybridization buffer (ultrasensitive hybridization solution [ULTRAhyb]; Ambion). Northern hybridizations were performed with hybridization buffer containing [␣-32 P]dATP-labeled probes synthesized by using a random-priming procedure (Strip-EZpec DNA; Ambion) according to the manufacturer's instructions. The 3Ј UTR-specific single-stranded DNA probe was complementary to nt 28300 to 28544 of the TGEV strain PUR46-MAD genome (33) . The GUS-specific probe was complementary to the first 1,076 nt of the gene. After hybridization, RNA was quantified by using a Personal FX Molecular Imager and Quantity One software (both from Bio-Rad).
The efficiency of transcription from minigenomes was quantified by determining the molar ratio of sgmRNA transcribed to the amount of the corresponding mgRNA. The amount of sgmRNA reflects both minigenome transcription and minigenome replication efficiencies. In order to normalize the effect of minigenome replication efficiency, the abundance of each mgRNA (mgRNA i , where i could be any of the minigenomes including the different TRSs) was determined in relation to the amount of a reference mgRNA (mgRNA R ). Also, in order to correct for the different amounts of total RNA that were loaded in the lanes, a correction factor was defined as the inverse of the ratio of the amounts of mRNAs from the N and M viral genes [(N ϩ M) i ] in a specific lane to the amounts of these mRNAs in the reference lane [(N ϩ M) R ]. The total sgmRNA transcribed from minigenomes was estimated with the formula (sgmRNA i /
, which includes a fraction representing the transcription efficiency of the specific sgmRNA i (i.e., the subgenomic mRNA encoded by minigenome mgRNA i ) and correction factors for the minigenome replication efficiency and the amount of loaded RNA, respectively.
Western blot analysis. GUS expression in cells transfected with cDNA coding for a minigenome and infected with helper virus was analyzed at passage 4 by Western blotting as described previously (7) . Purified GUS protein (Sigma) was used as a positive control. A GUS-specific polyclonal rabbit antibody (5 Prime-3 Prime, Inc.) diluted 1:200 in TBS buffer (20 mM Tris-HCl [pH 7.5], 500 mM NaCl) was used as the primary antibody to detect GUS protein. A rabbit-specific goat antibody conjugated to peroxidase and diluted 1:8,000 in TTBS buffer (TBS with 0.1% Tween 20) was used as the secondary antibody.
GUS chemiluminescence detection in cell extracts. The expression of GUS in cell extracts was detected by a chemiluminescence assay (GUS-Light kit; Tropix) according to the manufacturer's instructions (3) . GUS-expressing minigenometransfected or mock-transfected cells were infected with helper virus (multiplicity of infection, 5). The amount of protein expressed at 22 to 24 h.p.i. was estimated by using standard calibration curves generated with purified GUS (Sigma) and the bicinchoninic acid protein assay (Pierce, Rockford, Ill.), resulting in 10 6 relative luminometric units per 0.35 ng of GUS.
RT-PCR. Detection of potential sgmRNA generated from a 5Ј-CUAAAC-3Ј sequence located 120 nt downstream of the S gene initiation codon was performed by reverse transcription (RT)-PCR. Total intracellular RNA was extracted (see above) from TGEV strain PUR46-MAD-infected ST cells at 16 h.p.i. cDNA was synthesized at 42°C for 1 h by using Moloney murine leukemia virus reverse transcriptase (Ambion) and antisense primer S-546rs (5Ј-GTAAATAAGCAACAACCTCAT-3Ј), complementary to nt 525 to 546 of the S gene. The cDNA generated was used as the template for an sgmRNAspecific PCR (leader-body PCR). A virus sense primer, leader 15ϩ (5Ј-GTGA GTGTAGCGTGGCTATATCTCTTC-3Ј), complementary to nt 15 to 41 of the TGEV leader sequence and a reverse sense primer, S-449rs (5Ј-TAACCTGCA CTCACTACCCC-3Ј), complementary to nt 430 to 449 of the S gene were used for the PCR. PCR was performed with a GeneAmp PCR system 9600 thermocycler (Perkin-Elmer) for 35 cycles. Each cycle comprised 30 s of denaturation at 94°C, 45 s of annealing at 57°C, and 1.5 min of extension at 72°C. The 35 cycles were followed by a 10-min incubation at 72°C. RT-PCR products were separated by electrophoresis in 0.8% agarose gels, purified, and used for direct sequencing with the oligonucleotide leader 15ϩ and a reverse sense primer, S-154 (5Ј-TA ATCACCTAACACCACATC-3Ј), complementary to nt 154 to 173 of the S gene.
RESULTS
Transcription efficiency with CS 5 upstream sequences (5 TRSs) from genes encoding the major structural proteins.
To study the effect of the 5Ј TRSs on sgmRNA transcription, a TGEV minigenome of 3.9 kb (M39) was cloned under the control of the CMV promoter; this procedure led to mgRNA amplification in two steps-amplification in the nucleus mediated by CMV promoter recognition by cellular polymerase II and amplification in the cytoplasm by the viral polymerase. The cDNAs encoding the minigenomes were flanked at the 3Ј end by a poly(A) tail, the HDV ribozyme, and the BGH termination and polyadenylation sequences (Fig. 1A) . These minigenomes included expression cassettes encoding GUS under the control of different TRSs to study transcription and translation efficiencies.
To rescue the synthetic cDNA minigenome, TGEV strain PUR46-MAD-infected cells were transfected with the corresponding cDNA. Culture supernatants were passed three to six times on fresh ST cell monolayers in order to amplify the viral RNA. Intracellular RNA was extracted, and the levels of mgRNA and sgmRNA were evaluated at passage 2 by Northern blot analysis with two probes (Fig. 1B )-one that was complementary to the 3Ј end of the genome and that detected the genomic RNA and the viral mRNAs (S, 3a, E, M, N, and 7) and another that was complementary to the GUS gene and that exclusively hybridized with mgRNA and sgmRNA carrying the GUS gene.
RNA expression levels under the control of TRSs derived from the three virus genes encoding the major structural proteins (S, M, and N) were studied. The TRSs were inserted at nt 3337 of the minigenome and contained the highly conserved CS flanked at the 3Ј end by a 10-nt sequence of nonviral origin, 5Ј-GUCGACGACC-3Ј (L3), including a unique restriction endonuclease site and an optimized Kozak sequence (19, 20) (Fig. 1A) . These expression cassettes differ at the 5Ј end of the CS, where 5Ј TRSs with similar lengths (88, 91, and 69 nt), derived from the three major viral genes (N, M, and S genes), were inserted (Fig. 1A) . The three minigenomes were efficiently rescued, as shown by Northern blot analysis. Hybridization was stronger with the probe complementary to the on May 4, 2015 by ST ANDREWS UNIV http://jvi.asm.org/ Downloaded from GUS gene than with the probe specific for the 3Ј end of the genome (Fig. 1B) . A fivefold increase in the amount of the probe complementary to the 3Ј end of the genome did not significantly improve the visualization of the mgRNA or the sgmRNA.
Transcription efficiency under the control of each TRS was determined by studying the molar ratio of sgmRNA to the corresponding mgRNA; this ratio was about twofold higher for the minigenome including the N gene 5Ј TRS than for that including the M gene or S gene 5Ј TRS (Fig. 1C) . In order to compare the total quantities of mRNA produced, mgRNA amounts were normalized, since the insertion of TRSs into minigenomes could affect their replication level. To this end, an average value of M and N mRNAs was taken as an internal standard. The total sgmRNA level was maximum when the 5Ј TRS derived from the N gene was used. This level was about two-and fourfold higher than those produced when the 5Ј TRSs were derived from the M and S genes, respectively (Fig.  1C) . Apparently, the amounts of sgmRNA are the same for the N and M genes ( Fig. 1B) , but due to the normalization of the amounts of RNA loaded in each lane, it was estimated that the amount of the N gene sgmRNA was higher. The ratios of sgmRNA to mgRNA were maintained essentially identical between passages 2 and 5. Then, smaller minigenomes were generated, and these ratios were not further estimated because of the instability of the minigenomes.
The insertion of TRSs including sequences from the N, M, and S genes in expression cassettes in minigenome M39 had little effect on helper virus growth, with titers ranging from 3 ϫ 10 8 to 6 ϫ 10 8 PFU/ml. These titers were maintained through six passages. The expression of GUS activity through these passages was between 500-and 1,000-fold over the background level ( Fig. 1D) and was about 2-to 4-fold higher for minigenomes containing the N gene 5Ј TRS than for those containing the M or S gene 5Ј TRS. The GUS activity detected corresponds to protein expression levels of about 2 to 8 g/10 6 cells. These GUS expression levels were confirmed by Western blot analysis with a GUS-specific rabbit antiserum (Fig. 1E) .
Influence of the length of the N gene 5 TRS on sgmRNA transcription. To study the effect of the 5Ј TRS on sgmRNA transcription, seven expression cassettes were constructed by using minigenome M39 with different fragments from the N gene TRS ( Fig. 2A) . A cassette lacking the CS (5Ј-CUAAAC-3Ј) (mg-CS Ϫ ) was constructed as a negative control. The other six minigenomes included the CS alone (mg-CS) or flanked at the 5Ј end by an increasing number (3, 8, 44 , 88, and 176) of nucleotides derived from the N gene TRS (mg-N-3, mg-N-8, mg-N-44, mg-N-88, and mg-N-176, respectively). In all these expression cassettes, the sequences (L3) 3Ј to the CS were kept constant and consisted of 10 nt including a unique endonuclease restriction site and an optimized Kozak sequence ( Fig.  2A) .
All the minigenomes were efficiently replicated and packaged when transfected in ST cells infected with the helper virus, as determined by Northern blot analysis (Fig. 2B ). In addition, the synthesis of helper virus RNAs was not significantly altered by the presence of the mgRNAs (Fig. 2B ). mgRNA and sgmRNA were clearly detected by using the probe complementary to the GUS gene.
The absence of transcription after CS removal was initially evaluated by testing GUS activity (Fig. 2C) . Restoration of the CS led to an increase in GUS expression of up to 1,000-fold over the background level. GUS expression further increased about fourfold when the CS was extended 88 nt on its 5Ј flank ( Fig. 2C and F) , in agreement with the increase in the total sgmRNA amount ( Fig. 2E ). Interestingly, GUS activity levels decreased when the 5Ј TRS was extended by 176 nt. Helper virus titers (about 9 ϫ 10 8 PFU/ml) remained constant upon passage (data not shown); however, GUS expression levels remained constant until passage 5, and then a reduction in GUS expression levels was observed (Fig. 2C ). This reduction in GUS expression levels with minigenome passage most likely was a consequence of the instability of the minigenome with GUS, since after passage 5 the appearance of minigenomes of a smaller size was observed (2) .
In accordance with GUS expression levels, the absence of the CS led to a complete abrogation of GUS sgmRNA transcription, as expected. Insertion of the CS restored the sgmRNA levels, up to 1,000-fold over the background level. The extension of the CS with 3 and 8 nt led to an initial twofold reduction of the molar ratio of sgmRNA to mgRNA. There was a two-to threefold increase in sgmRNA synthesis (in comparison to the results obtained with constructs containing the CS alone) when 44 or 88 nt derived from the 5Ј TRS of the TGEV N gene were added to the CS (Fig. 2D) . Interestingly, when the 5Ј TRS was further extended by 176 nt derived from the N gene, the ratio of sgmRNA to mgRNA was fourfold lower than that produced by the 5Ј TRS flanking sequence of 88 nt. Total sgmRNA levels in the presence of the TRS containing 88 nt plus the CS were fourfold higher than those in the presence of the CS alone (Fig. 2C) . A comparison of the amount of total mRNA accumulated ( Fig. 2E ) and the amount of GUS expressed (Fig. 2F) indicates that once a minimum amount of mRNA is produced, there is a relatively smaller increase in the amount of GUS expressed.
These results indicate that the CS (5Ј-CUAAAC-3Ј) is essential for the transcription of TGEV-derived sgmRNAs, that the addition of nucleotides derived from the 5Ј TRS of the N gene 5Ј upstream of the CS influences transcription efficiency, and that maximum sgmRNA levels are provided by CS 5Јflanking sequences that are about 88 nt long.
Effect of sequences 3 downstream of the CS (3 TRSs) on sgmRNA transcription. To study whether the 3Ј TRSs influence sgmRNA levels, we engineered GUS expression cassettes in which the CS 5Ј-flanking sequences were maintained constant (88 nt from the N gene 5Ј TRS). In seven constructs, the CS was flanked at the 3Ј end by each of the sequences flanking the CS in viral genes S, 3a, 3b, E, M, N, and 7. In addition, two additional expression cassettes (L2 and L3) were constructed with sequences of nonviral origins inserted at the 3Ј end of the CS. These sequences comprised 31 nt (L2) and 10 nt (L3) including four and one unique restriction endonuclease sites, respectively, and an optimized Kozak sequence (Fig. 3A) . A third construct (mg-Ld) was designed to extend with an additional 12 nt the potential base pairing between the 3Ј end of the leader and the sequence complementary to the TRS (Fig. 3A) . The added nucleotides were identical to those present in the genomic RNA behind the CS at the 3Ј end of the leader.
Amplification of the helper virus RNAs remained unaltered in coinfections with all the minigenomes studied (virus titers, about 4 ϫ 10 8 PFU/ml) and remained stable upon passage (data not shown). Viral mRNAs, minigenomes, and sgmRNA were evaluated by Northern blotting by using probes for the 3Ј UTR and GUS (Fig. 3B) . The minigenomes were rescued, and similar molar ratios of sgmRNA to mgRNA were produced for all of them, except for those encoding the M and L2 3Ј TRSs, which gave molar ratios two-to threefold higher and fivefold lower than those for the other minigenomes, respectively. Similar amounts of total sgmRNA were produced, except for minigenomes encoding the 3a 3Ј TRS (two-to threefold increase) and the L2 3Ј TRS (fivefold decrease) ( Fig. 3C) , probably because the different inserts affected the efficacy of minigenome replication in different ways.
GUS expression by minigenomes with the CS 3Ј-flanking sequences derived from different viral genes (S, 3a, E, M, N, and 7) differed by 10-fold, being maximum for minigenomes mg-Ld and mg-M. GUS activity synthesized by minigenome mg-L2 throughout virus passage was between 10-and 100-fold lower than that for the other constructs (Fig. 3D) . The reduction in mRNA and GUS levels was also observed when the L3 3Ј TRS was replaced by that from L2 in the minigenomes mg-M-91-L2 and mg-S-69-L2, containing 5Ј TRSs derived from the M and S genes, respectively (data not shown). These data indicate that CS 3Ј-flanking sequences have a great deal of influence on sgmRNA accumulation and protein synthesis.
Reconstruction of the CS 5 upstream of the TGEV ORF 3b CS and of a noncanonical CS within this ORF led to mRNA synthesis. In strain PUR46-MAD of TGEV, the CS of gene 3b has a mutation in the sixth nucleotide (U instead of C), and the corresponding mRNA, named 3-1, is not synthesized. To study expression with minigenome M39, containing a TRS derived from ORF 3b, this CS was repaired to reconstitute the canon-ical CS in the minigenome (including the CS 3Ј-flanking sequences of this gene). In fact, the expression of the corresponding sgmRNA was restored to levels similar to those driven by ORF 3a (data not shown). This result is in accordance with observations made by using strain MIL65-AME of TGEV (37) . This strain has a canonical CS upstream of gene 3b, and synthesis of the expected mRNA takes place (52) .
To determine whether sgmRNA could be driven by modified CSs generated in the viral genome, a noncanonical CS (C_A AAC) located inside gene 3b was repaired by inserting the missing U. By using minigenome M39, an expression cassette was constructed with a 5Ј TRS from the N gene, a standard CS, and the flanking sequences at the 3Ј end of the imperfect CS. Interestingly, sgmRNA levels obtained with the helper virusdependent expression system were as high as those obtained with the 3Ј TRS present in the native viral ORFs, even though the repaired TRS contains CS 3Ј-flanking sequences from a variant TRS in the TGEV genome (data not shown).
These results on the reconstruction of noncanonical sequences located in positions where viruses of the same group have a canonical CS 5Ј upstream of a gene or inside a gene, in locations that are not expected to lead to the synthesis of viral mRNA, indicate that the insertion of a CS in the appropriate context of a minigenome promotes transcription. The same observation was made when a CS was inserted in a full-length genome by engineering an infectious cDNA clone (results not shown).
Expression of TGEV sgmRNAs from TRSs along the virus genome. TGEV has nine CSs along the genome, one at the 3Ј end of the leader, one at the 5Ј end of each of the seven viral genes, and one additional CS located inside the coding sequence of the S gene (at nt 120 of this gene). The CS present at the 5Ј end of each gene seems to be used to express the corresponding mRNA ( Fig. 1B, 2B , 3B, 4B, and 5B), unless mutated, as happens with ORF 3b of TGEV strain PUR46-MAD. We were interested in knowing whether the second canonical CS present within the coding sequence of the S gene was used to generate a small S gene mRNA. RT-PCR analysis to identify the standard and potential second S gene mRNAs was performed ( Fig. 4) by using a primer complementary to the leader sequence and another one complementary to positions of the S gene 3Ј downstream of the internal CS. Interestingly, only one band was amplified, corresponding to the full-length mRNA (mRNA S1) (Fig. 4) . The mRNA controlled by the CS located 5Ј upstream of the S gene was at least 200-fold more abundant than the mRNA starting at the internal CS of the S gene, as determined by RT-PCR of twofold dilutions of the expressed mRNAs (data not shown). This observation indicated that the presence of the CS may not be sufficient to induce transcription because it can be silenced by flanking sequences or because of the absence of sequences required to activate transcription in this context.
Influence of the insertion site on transcription. To examine whether the location of an expression cassette within a minigenome affects transcription efficiency and expression of a heterologous gene, four minigenomes were constructed. In these constructs, an expression cassette encoding the GUS gene under the control of a TRS containing 88 nt of the N gene, the CS, and 10 nt including an optimized Kozak sequence (L3) was inserted at different distances (947, 1,655, 2,881, and 3,337 nt) from the minigenome M39's 5Ј end (Fig. 5A) . The presence of the minigenome did not significantly affect the amplification of the helper virus RNAs during virus passage; helper virus titers ranged from 2.6 ϫ 10 8 to 4.2 ϫ 10 8 PFU/ml (data not shown). The presence of mgRNA or sgmRNA was weakly or strongly detected with the probes complementary to the 3Ј end of the genome and the GUS gene, respectively (Fig. 5B) . Insertion of the expression cassette in different positions of the minigenome had a strong effect on its rescue (replication and packaging) by the helper virus. Minigenome replication was completely or partially abolished when the expression cassette was inserted 947 nt or 1,655 nt from the 5Ј end, respectively. In contrast, insertion at nt 2881 or 3337 led to a high level of minigenome amplification (Fig. 5B) .
Insertion of the expression cassette at position 947 abrogated minigenome amplification and consequently reduced the sgmRNA level to the background level (i.e., that obtained with a minigenome without a TRS upstream of the GUS gene). In contrast, insertions at the other two positions (2881 and 3337) led to the synthesis of large amounts of the minigenome and to the production of high molar ratios of sgmRNA to mgRNA (Fig. 5C ). Although the sgmRNA/mgRNA ratio was relatively high when the expression cassette was inserted at nt 1655, the absolute amount of sgmRNA produced was very low, since the mgRNA level was also very low (Fig. 5C ).
GUS expression levels at passage 2 were very low for the two expression cassettes inserted closer to the 5Ј end of the minigenome (at nt 947 and 1655) ( Fig. 5D ) and increased 1,000and 3,000-fold (in relation to the background level) for the insertions closer to the 3Ј end of the minigenome. GUS expression levels were also analyzed at different passages. When minigenome mg947 (encoding the GUS gene at position 947) was used, GUS activity sharply decreased to the background level at passage 2 (Fig. 5D ), suggesting that the replication or packaging of the minigenome was inhibited. Expression from a cassette inserted at position 1655 remained at levels between 10-and 100-fold lower than the levels of expression from cassettes inserted at positions 2881 and 3337.
With changing of the insertion site of the expression cassette, a potential second variable was introduced: the sequences flanking the expression module. Nevertheless, since the CS is flanked at the 3Ј end by the heterologous GUS gene (1,812 nt) and at the 5Ј end by 88 nt, the possibility of modifying the structure of the CS is greatly reduced, although it cannot be completely excluded.
DISCUSSION
In this report, we have partially delimited the extension of the essential TRS required for efficient expression of heterologous genes in TGEV by analyzing sequence requirements at the 5Ј and 3Ј flanks of the highly conserved CS of TGEV that improved RNA synthesis (accumulation). Overall, the molar ratio of sgmRNA to total mgRNA was increased 12.5-fold by engineering the TRS by using CS 5Ј-flanking sequences derived from the N gene, the CS, and CS 3Ј-flanking sequences derived from the M gene. We have shown that the hexanucleotide 5Ј-CUAAAC-3Ј can drive transcription in the context of the minigenome and in the context of the full-length genome (data not shown) and that sequences flanking this CS influenced transcription. This conclusion is in agreement with conclusions drawn from a series of studies with MHV defective interfering (DI) RNAs (10, 14, 17, 21, 27, 34, 49, 51) and with DI RNAs derived from BCoV (31) . In addition, it has been shown that when a sequence closely related to the CS of the viral genome was engineered to reconstitute the canonical sequence 5Ј-CUAAAC-3Ј, the corresponding mRNA was synthesized. TGEV CS seems very sensitive to changes, since deletion of the U or mutation of the last C abrogated transcription. In addition, it was shown that the sequences flanking the CS or the site of insertion of the expression cassette influenced mgRNA levels, ranging from a discrete (two-to threefold) modulation of relative sgmRNA synthesis to the complete abrogation of transcription (such as for the S gene internal CS); this result was due either to inhibition of this transcription or to the lack of an activating domain. It has also been shown that viral protein expression levels are dependent on both transcriptional and translational regulation. The translational regulation role is deduced from the different amounts of GUS expressed by similar amounts of total mRNA. This result was expected, because the different mRNAs have immediately 5Ј upstream of the translation initiation codon Kozak motifs that match to different extents the ones optimized by Kozak (19, 20) . Higher expression levels correlated with the presence of canonical Kozak motifs. TGEV has nine highly conserved CSs with the sequence 5Ј-CUAAAC-3Ј, including one at the 5Ј end of each ORF (Rep, S, 3a, 3b, E, M, N, and 7) and an internal CS in the S gene. ORF 3b CS is mutated to 5Ј-CUAAAU-3Ј in TGEV of the Purdue cluster, leading to abrogation of the corresponding mRNA. Interestingly, when the mutated 5Ј-CUAAAU-3Ј sequence of the PUR46-MAD clone of TGEV was replaced by the canonical 5Ј-CUAAAC-3Ј sequence, as happens in strain MIL65, the corresponding mRNA was produced (37, 52) . Furthermore, within the 3b gene there is a sequence, 5Ј-C_AAA C-3Ј, starting at nt 246 from the first AUG of the 3b gene which could be transformed to the canonical 5Ј-CUAAAC-3Ј sequence by the insertion of a U. When this expression cassette was generated, maintaining the CS 3Ј-flanking sequences downstream of the imperfect CS, mRNA expression levels were comparable to those produced when natural CS 3Ј-flanking sequences were used. Altogether, these data suggest that the 5Ј-CUAAAC-3Ј sequence (CS) is an essential determinant of mRNA transcription in TGEV and that there is flexibility for the sequences flanking the CS at the 3Ј end.
The S gene has two canonical CSs associated with it, one 5Ј upstream of the first codon and a second one 120 nt downstream, within the coding region. Interestingly, only the mRNA corresponding to the full-length mRNA was amplified by RT-PCR, strongly suggesting that the mRNA corresponding to the internal CS is produced in minimal amounts or not at all. This result indicates that not all the CSs are used to promote mRNA synthesis and that expression from a canonical CS may be prevented by a nonfavorable context due to its neighbor sequences. Predictions of secondary structures for all the TGEV TRSs were made by using the M-fold program (29, 53) (data not shown), and a favored structure that could differentiate functional from nonfunctional TRSs was not identified. Therefore, the nature of the flanking sequences themselves and not their secondary structures could be responsible for silencing the S gene internal CS. These results are in agreement with recently reported data, obtained with BCoV DI RNAs, suggesting that a secondary structure surrounding a CS motif might not be a primary determinant in the choice of that site for leader fusion (31) . Experiments to determine the nature of the suppressor sequences are in progress. The lack of expression of the S gene internal CS indicates that the corresponding mRNA ought to be nonessential for TGEV replication. Consistent with this observation is the fact that the internal CS is present in some but not all TGEV isolates (37) .
Like the TGEV CS, the MHV CS contains the conserved sequence 3Ј-UCUAAAC-5Ј or a closely related one (49) . Cloning of short oligonucleotides ranging from 10 to 18 nt, comprising the CSs in MHV minigenomes, showed that these sequences alone were sufficient to direct DI sgmRNA synthesis (48) . Deletions within the TRS reduced its strength, implying that efficient sgmRNA synthesis requires a TRS larger than the heptamer CS (5Ј-UCUAAAC-3Ј) (18, 26, 27, 48) . With TRSs of 13 or 17 nt, the synthesis of mRNA in MHV is affected only slightly when a single nucleotide is mutated, and MHV transcription regulation is sufficiently flexible to recognize altered CSs. In contrast, the introduction of the same substitutions in some positions of a 10-nt TRS results in a more than 10-fold reduction of transcription (18, 48) .
We showed that the nature and length of the sequences 5Ј upstream of the TGEV CS influenced transcription. When the CS length was increased by 88 nt, a two-to threefold enhancement of the molar ratio of sgmRNA to total mgRNA was Sequences 3Ј downstream of the CS also influenced mRNA transcription levels in TGEV. Expression modules in which the 5Ј-flanking sequence of the CS was kept constant and the CS 3Ј-flanking sequences were taken from each of the TGEV genes (S, 3a, 3b, E, M, N, and 7) led to a fourfold change in the molar ratio of sgmRNA to total mgRNA. This ratio did not correlate with the distances from the CS to the translation initiation codon (AUG) of each gene, ranging from 3 to 37 nt. Interestingly, in these constructs the level of translation (i.e., GUS activity) was related to the presence of a favorable Kozak motif within the 3Ј-flanking sequences (i.e., maximum expression levels for a given amount of RNA were obtained for the optimum Kozak context), most likely because of the proximity of these sequences to the translation initiation codon. Translation levels only partially correlated with the total amount of sgmRNA produced. Once a certain amount of viral mRNA was produced, GUS levels were influenced by the translation efficiency of each mRNA, suggesting that viral protein production was regulated at both the transcriptional and the translational levels.
The minor changes in the sequences of mgRNAs most likely did not affect translocation of these RNAs from the nucleus to the cytoplasm, since the sequences of these RNAs have been slightly modified inside the RNA molecule and changes in RNA translocation probably are not responsible for variations in expression levels. Although a hypothetical effect of RNA translocation efficiency on the amount of mgRNA available in the cytoplasm cannot be completely ruled out, that alteration would affect very little the ratio of sgmRNA to mgRNA provided in this report, since sgmRNA and the majority of mgRNA are synthesized within the cytoplasm by the RNAdependent RNA polymerase of the helper virus.
To further test whether the extent of the complementarity between the 3Ј end of the leader and the sequences flanking the 3Ј end of the CS could influence mRNA levels, an expression cassette (Ld) was constructed to extend by an additional 12 nt the complementarity of the sequence downstream of the CS with the 3Ј end of the leader. Although the expression levels were among the highest, neither the molar sgmRNA/ mgRNA ratio nor the amount of total sgmRNA was higher than those observed for other TRSs with a lower potential for base pairing (such as the M gene-derived sequences). In addition, it was previously reported (33) that TGEV mRNA abundance is not directly proportional to the potential base pairing between the 3Ј end of the viral genomic leader and the sequence complementary to the CS in the TRS. Overall, our results show that transcription in TGEV requires a duplex of minimum stability. Once this condition is met, increasing the potential base pairing between the TRS and the leader 3Ј end does not enhance transcription. This conclusion is in agreement with previous results reported for MHV. In this system, TRS activity became optimal when a CS of 18 nt from a region showing full complementarity to the 3Ј end of the MHV genomic leader was used, and extension of this complementarity did not increase expression levels (10, 24, 28, 45) .
To study the effect of TRS position within the minigenome, an expression cassette that included 88 nt derived from the N gene 5Ј TRS was inserted at different distances (947, 1,655, 2,881, and 3,337 nt) from the 5Ј end of a TGEV minigenome of 3.9 kb. The mRNA levels were high at the two insertion sites closest to the 3Ј end of the minigenome. In contrast, in a minigenome derived from human coronavirus (HCoV) 229E, an expression cassette cloned into three different positions (1.1, 1.3, and 1.8 kb from the 5Ј end of a minigenome of about 2.1 kb) resulted in decreased mRNA levels for inserts located closer to the 3Ј end (47) . Experiments performed with TGEV and HCoV 229E led to different results. With TGEV and possibly with HCoC 229E, some insertion sites were too close to the ends of the minigenome and affected essential primary or secondary structures required for their replication. It is possible that in helper virus-dependent expression systems based on coronavirus-derived minigenomes encoding a limited number of sgmRNAs, variation in the expression level with the insertion site is influenced mainly by the sequences flanking the TRS in each position and that the relative position itself plays a less prominent role. In fact, in a systematic study with MHV, a TRS of 12 nt flanked by 0.2-kb upstream and 0.2-kb downstream sequences was inserted at seven different positions of a 2.2-kb minigenome (15) . The 12-nt TRS core was flanked by upstream and downstream sequences in order to prevent the influence of variable flanking sequences within the different insertion sites. In all insertion sites, the level of the minigenome and the level of the mRNA produced were similar, suggesting that the position of the insert along the minigenome had little influence on the mRNA expression level. The lack of an insertion site effect on transcription levels probably does not apply to expression levels in full-length genomes with several sgmRNAs.
The helper virus-dependent expression system used has the advantage of high cloning capacity, which theoretically is higher than 22 kb, since the total length of the TGEV genome is 28.5 kb and the length of the minigenome is less than 6 kb. In contrast, it has limited stability, mainly due to the foreign gene, since TGEV minigenomes of 9.7, 5.4, 3.9, and 3.3 kb, in the absence of the heterologous gene, were amplified, packaged, and efficiently propagated for at least 30 passages without the generation of new dominant sgmRNAs (12, 30) .
The helper virus-dependent expression system described in this report produced large quantities of heterologous antigen. The expression of the reporter GUS gene (2 to 8 g/10 6 cells) and the expression of porcine respiratory and reproductive syndrome virus ORF 5 (1 to 2 g per 10 6 cells) have been shown by using a TGEV-derived minigenome (2) . The expression of GUS was detected in the lungs of swine immunized with the virus vector. Interestingly, strong humoral immune responses to both GUS and porcine respiratory and reproductive syndrome virus ORF 5 were induced in swine with this virus vector. The large cloning capacity and the tissue specificity of the TGEV-derived minigenomes suggest that these virus vectors are very promising for vaccine development. This helper virus-dependent expression system has also been very useful for the characterization of TGEV TRSs. Fortunately, infectious cDNAs are available for TGEV (1) and HCoV 229E (46) , and that availability will permit verification of the con-clusions reached with minigenomes by use of full-length genomes. This aspect is particularly important, since most of the information on coronavirus transcription has been generated by using helper virus-dependent expression systems based on minigenomes encoding sgmRNAs (12, 21, 23, 27, 35, 48, 49) , and it has been shown that the relative flexibility of the TRS requirement in the DI RNA system significantly differs from that seen in viral genomic RNA (18, 23, 32 
